Free exciton and above-band-gap free carrier dynamics in ZnO nanorods have been investigated at room temperature with a femtosecond transient transmission measurement. Following the photoexcitation of above-band-gap free carriers, an extremely fast external thermalization time on the order of 200 fs can be observed. Under high excitation, hot phonon effects were found to delay the carrier cooling process. While the photoexcitation energy was tuned to match the free exciton transition, stable exciton formation can be uncovered while no evident exciton ionization process can be found unless the photoexcited exciton density exceeded the Mott density. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1989444͔
With band-gap energy 3.37 eV similar to that of GaN, ZnO has recently attracted much attention due to its potential application as blue light emitters. With ease of p-type film growth 1 and a crystal structure same as that of GaN, it is expected that for some future applications ZnO might replace GaN. With a binding energy of 60 meV, which is much larger than that of GaN, free excitons are extremely stable in ZnO at room temperature and play a dominant role in the optical gain when the carrier density is below the Mott density. 2 With high excitation, strong band-gap renormalization occurs and electron-hole plasma was found to dominate the optical gain at the photon energy even lower than the free-exciton absorption energy ͑ϳ3.31 eV͒. [2] [3] [4] [5] Also with a high LO phonon energy on the order of 70 meV and a strong carrier-phonon coupling, 5 it is thus important to understand the carrier relaxation processes in the ZnO material system, which will strongly affect its electronic and optoelectronic characteristics.
Extensive time-resolved optical investigations [3] [4] [5] [6] [7] [8] [9] on gain dynamics and exciton relaxation processes have been conducted in ZnO thin films and nanostructures, with a focus on the optical transitions lower than the 3.37 eV band gap or the 3.31 eV free excition energy. Only a few subpicosecond dynamics were reported. Upon high excitation, Yamamoto and his co-workers had reported the observation of a hot carrier cooling time on the order or less than l ps. 3 Also upon high excitation, Johnson and coworkers have recently reported the observation of a 400-1000 fs fast transient on several nonlasing ZnO nanostructures. 5 Due to the lack of observable fast transient with low excitation data, they attributed this fast transient to a possible Auger recombination process. 5 Also with a high excitation with a generated carrier density on the order of 10 20 cm −3 , a hot carrier cooling time was previously reported to be ϳ0.86 ps with an optical Kerr gate luminescence spectroscopy. 4 For this letter, we report our time resolved investigation on the ultrafast above-band-gap carrier dynamics in ZnO nanorods at room temperature by using a femtosecond transient transmission measurement technique. When we performed our above-band-gap experiments in the perturbative regime with low excitation, an extremely fast external thermalization time on the order of 200 fs can be observed. When we increased the optical excitation, the hot phonon effect was found to prolong the carrier cooling process with an optical phonon lifetime of 1.5-2.0 ps. Experiments were also performed at the transition corresponding to the free exciton energy and stable exciton formation can be found. No evidence on the exciton ionization process was observed when the generated carrier density was below the Mott density.
The sample under study was a thin ZnO nanorod layer grown on a fused silica substrate ͓SEM image shown in Fig.  1͑a͔͒ . Detailed growth procedure and its characteristics have been reported elsewhere. 10 The diameters of the nanorods are on the order of 80 nm with an average height of 700 nm. The surface coverage is around 50%. Figure 1͑b͒ shows the measured low-intensity absorption spectrum at room temperature. The spectral resolution of the measurement is 1 nm. An absorption peak near 372 nm ͑3.33 eV͒ corresponding to the free exciton transition can be revealed.
The time-resolved experiments were performed using a transmission pump-probe technique with a mode-locked Ti-:sapphire laser ͑Mira, Coherent͒. The output laser pulses were frequency doubled by a BBO crystal of 0.5-mm-thick to the interested UV wavelength range of 356-372 nm ͑3.48-3.33 eV͒, corresponding to the above-band gap and free exciton transitions, with a pulsewidth around 150 fs. The full width at half-maximum ͑FWHM͒ of the output spectral bandwidth was 2.5 nm. The focused pump and probe beam radius were measured using pinholes to be between 22 ͑at 356 nm͒ Ϫ12 ͑at 372 nm͒ µm. The average pump power was tuned between 3-43 mW, resulting in a pump fluence between 6-130 J/cmunder the low pump fluence condition, a high frequency chopping based on acousto-optic modulation was utilized with a 600 KHz chopping frequency. The pump and probe polarizations were kept linear and orthogonal to each other to reduce the coherent artifact. Detailed reflection and transmission powers were measured in order to estimate the photogenerated carrier density. Dividing the surface carrier density by the measured optical skin depth, we can estimate the effective photogenerated 3D carrier density to be between 1 ϫ 10 18 and 4 ϫ 10 19 cm −3 . We first investigated the above-band-gap free carrier dynamics with low excitation. When the generated effective carrier density was lower than 5 ϫ 10 18 cm −3 , the observed transient transmission change can be found to be in the perturbative regime. Figure 2 shows the measured optical transient transmission changes ͑solid lines͒ at central wavelengths of 356 nm ͑3.48 eV͒, 362.6 nm ͑3.417 eV͒, 363.6 nm ͑3.408 eV͒, and 366 nm ͑3.39 eV͒ with a fixed photoexcited carrier density of 4 ϫ 10 18 cm −3 . Except a negative two photon peak around time zero, 11 all traces can be found to be consisted of one fast transient and a slow transient. Through a simple convolution fitting procedure ͑dotted lines in Fig.  2͒ , we find that the data are best fit by an impulse response function of the form: u͑t͒ a 0 ␦͑t͒ + a 1 e −t/ 1 + a 2 e −t/ 2 , where u͑t͒ is the unit step function, ␦͑t͒ is the impulse associated with the two-photon instantaneous decrease at time zero with a negative a 0 , a 1 term is a fast exponential decay component with a time constant on the order of 200 fs, and a 2 term is a long exponential decay component with 2 on the order of 10 ps. Due to the fact that the a 2 term is the observed slowest decay component and also due to previous studies in ZnO nanorods, [5] [6] [7] [8] this slow component is attributed to the relaxation of the bandfilling effect, dominated by nonradiative carrier recombinations. 8 When the pump fluence was increase to be on the order or more than 30-50 J/cm 2 , the carrier lifetime 2 can be found to be shorter than 10 ps. This observation agrees well with a previous ZnO nanowire study 5 and the shortening of carrier lifetime under high pump fluence can be attributed to the stimulated emissions in the nanorods. 5 It is interesting to notice a sign change of this a 2 component around 363 nm, due to the band-gap renormalization effect. 3 Through carrier recombination, the bandfilling and the band-gap renormalization effect will then be recovered. 3 Different from the slower component, the fast a 1 component was found to be kept positive throughout the investigated range 12 with a fixed time constant of 200 ͑Ϯ 50͒ fs. Previous studies in the GaN material system, which is with parameters similar to the studied ZnO system, have indicated a 200-500 fs carrier and electron energy relaxation time constant. [13] [14] [15] With a strong electron-phonon coupling in ZnO nanorods, 5 we thus attribute the positive a 1 term with a fast time constant of 200 fs to the carrier external thermalization process for carrier-phonon interactions ͑it is sometime called "carrier cooling time"͒. 13 However, our reported carrier cooling time is much faster than previous reports that were investigated under high excitation. [3] [4] [5] In order to study the difference, we have also performed our experiments under high pump fluence. When performed with a high pump fluence similar to the previous studies, [3] [4] [5] a prolonged carrier cooling process can be observed independent of the pump wavelength. Figure 3 shows an example comparison between the measured transient transmission changes at a wavelength of 362 nm under low ͑13 J/cm 2 ͒ and high excitations ͑30 J/cm 2 ͒. The photogenerated effective carrier densities were 4 ϫ 10 18 and 11ϫ 10 18 cm −3 , respectively. When the photogenerated effective carrier density was higher than 8 ϫ 10 18 cm −3 , a significant delay in the carrier cooling process can be observed. With a LO phonon energy on the order of 70 meV, a strong hot phonon effect is expected in the ZnO material system under high excitation, similar to the GaN material system. 13 Through a convolution fit ͑dotted lines in Fig. 3͒ , an extra positive component a 3 e −t/ 3 with a decay time constant 3 of 1.75 ͑Ϯ 0.25͒ ps can be found from the high excitation data. Our observed time constant 3 agrees well with a previous coherent phonon study which indicated an optical phonon lifetime of 1.75 ps. 16 We thus attribute this a 3 component as the hot-phonon-effect-induced carrier relaxation delay. Our study suggests that the previous reported hot carrier cooling time ranging between 0.4-1 ps ͑Refs. 3-5͒ could be due to the combination of a fast initial cooling process and a delayed cooling process due to the hot phonon effect.
We have also investigated the carrier and exciton dynamics with a photon energy corresponding to the freeexciton transition peak. Figure 4 shows the measured transient transmission changes at a wavelength of 372 nm ͑3.33 eV͒ with pump power ranging from 5 to 43 mW ͑15-130 J/cm 2 pump fluence͒. The effective exciton densities for traces shown in Fig. 4 , a relatively slow exciton relaxation process around 10 ps can be observed, same as the a 2 term in the above band-gap study. The lower three traces can be well-fitted with a single-exponential decay impulse response of u͑t͒ a 2 e −t/ 2 ͑dotted line in Fig. 4͒ . It is interesting to notice that no significant fast transient corresponding to the exciton ionization process can be evident when the exciton density was below the Mott density, which is quite different from previous studies in other direct band-gap semiconductors including GaN, 17 GaAs, 18 InGaAs, 19 and CdZnTe. 20 However, when the photoexcited exciton density was above the Mott density, excitons were ionized into electron-hole plasmas and an extra fast time constant component on the order of 200 fs appeared ͑based on the convolution fitting shown in Fig. 4͒ . Above band-gap free carrier studies shown in Fig. 2 suggests that this fast time constant following the formation of electron-hole plasma should correspond to the carrier external thermalization time. Our study agrees well with the previous optical Kerr gate luminescence study 4 and suggests that the previous report 5 which concluded the lack of observable fast transient with low excitation data was probably due to stable exciton formation.
In summary, femtosecond exciton and free carrier dynamics in ZnO nanorods were investigated at room temperature. Following the photoexcitation of above-band-gap free carriers, an extremely fast external thermalization time on the order of 200 fs can be observed. Under high excitation, hot phonon effects were found to delay the carrier cooling process, resulting in a slower overall carrier cooling time. The observed hot phonon effect revealed a LO phonon lifetime of 1.75 ͑Ϯ 0.25͒ ps. While the photoexcitation energy was tuned to match the free exciton transition, stable exciton formation can be observed while no evident exciton ionization can be found unless the photoexcited exciton density exceeded the Mott density. 
